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ABStrAct  Ca  2+  dependence  of  occluding  junction  structure  and  permeability,  well  docu- 
mented in explanted or cultured epithelial  sheets, presumably reflects inherent control  mech- 
anisms.  As an  approach  to  identification  of  these mechanisms,  we  induced  disassembly of 
zonulae occludentes in confluent monolayers of mouse mammary epithelial cells by exposure 
to  low concentrations  of  the chelators,  EGTA or sodium  citrate.  Stages in  disassembly were 
monitored during treatment by phase-contrast microscopy and prepared for transmission and 
scanning electron  microscopy.  Cellular  response included  several  events  affecting  occluding 
junctions: (a) Centripetal cytoplasmic contraction created tension on junction  membranes and 
displaced intramembrane strands along lines determined by the axis of tension. (b)  Destabili- 
zation of junction position, probably through increased membrane fluidity, augmented tension- 
induced  movement  of  strands,  resulting  in  fragmentation  of  the  junction  belt.  (c)  Active 
ruffling and retraction of freed peripheral membranes remodeled cell borders to produce many 
filopodia,  distally attached  by occluding-junction  fragments to  neighboring cell  membranes. 
Filopodia  generally  persisted  until  mechanically  ruptured, when endocytosis of the junction 
and  adhering cytoplasmic  bleb ensued. Junction disassembly thus resulted from  mechanical 
tensions generated  by  initial  centripetal  contraction  and  subsequent peripheral  cytoskeletal 
activity,  combined with destabilization of the junction's intramembrane strand pattern. 
Because they provide the paracellular component of the trans- 
epithelial  permeability  barrier,  the  zonulae occludentes  (oc- 
cluding  or  belt  tight  junctions)  of lining  and  transporting 
epithelia need to be more stable in position and configuration 
than  many  other  macromolecular  assemblies  in  the  plasma 
membrane. But structural variations do occur. Remodeling and 
disassembly of  occluding junctions are natural processes during 
morphogenesis (1-3). In adult epithelia, not only does organi- 
zation of these junctions differ characteristically among tissues 
or among cell types within a tissue (4-7), but structural alter- 
ations in preexisting junctions may occur during normal phys- 
iological transitions,  such as cell replacement in the intestine 
(8) or the onset of lactation in the mammary gland (9).  How 
junction stability and  modulation are controlled by the cell, 
and how structure is related to variations in junction permea- 
bility, are matters of continuing speculation (5,  10, 11). 
The search for experimental  agents that, by inducing non- 
lethal  changes  in junction  structure  or  permeability,  might 
provide clues to normal control mechanisms has met with a 
confounding overabundance of success that has yet to be made 
sense of. Effective procedures include treatment with proteases 
(12) or hypertonic solutions (13,  14), mechanical trauma (15), 
explantation  to  organ  culture  (16),  and  many  others.  Plant 
cytokinins cause displacement or proliferation of some junction 
elements, without interruption  in junction continuity, and in- 
crease junction tightness as indicated by measurement of trans- 
epithelial electrical resistance (17).  In contrast, withdrawal of 
extracellular  Ca  2+  increases  junction  permeability  (18)  and 
leads ultimately to disruption of the junction's morphological 
continuity (19).  Effects of the latter two agents,  and of most 
others tested within physiologically tolerable ranges, are fully 
reversible. 
Freshly dissociated epithelial  cells from many organs, and 
some established cell lines of epithelial origin, can reconstruct 
in vitro a  confluent epithelial  sheet in which continuous oc- 
cluding junctions provide an effective paracellular permeability 
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Electrophysiological  studies of monolayers grown on permea- 
ble  substrates have  demonstrated  permeability  and transport 
properties reasonably comparable to the tissues of origin (22- 
25) and have confirmed the calcium dependence of occluding 
junctions in culture (26, 27). 
In a  preliminary study several years ago (28),  we observed 
that  occluding  junction  disassembly  in  primary  cultures  of 
mouse mammary epithelial cells incubated with calcium che- 
lators  did  not  seem  to  be  the  passive  effect  of removal  of 
something that held the cell membranes together, but instead 
appeared to involve active participation by the cells throughout 
the  process.  We  therefore  chose  this  culture  system  for  an 
expanded  study of reversible,  Ca2+-dependent junction disas- 
sembly, our aim being to slow the process enough to identify 
sequences  of morphological  events  and the  relationships  be- 
tween changes in the junctions and in other parts of the cells 
involved. 
In the experiments reported here, we used low concentrations 
of  ethylene  glycol-bis  (fl-aminoethyl  ether)-N,N-tetraacetic 
acid (EGTA) or sodium citrate to chelate extracellular calcium 
in  primary  cultures  of mouse  mammary  epithelial  cells  on 
plastic or collagen gel substrates. Cellular responses were mon- 
itored by phase-contrast microscopy of living monolayers; ef- 
fects on cell-cell  adhesion, junction morphology,  and cell to- 
pography  were  determined  by  electron microscopy.  We  will 
show that the events  induced  by withdrawal  of extracellular 
Ca 2+ include contraction of the cell body, centripetal migration 
of microvilli  in  the  apical  plasmalemma,  destabilization  of 
tight-junction  intramembrane  organization,  elaborate  convo- 
lution  of peripheral  membranes  in  and  near  the  occluding 
zone, and endocytosis of fragmented tight junctions. 
MATERIALS  AND  METHODS 
Cell Culture:  Mammary epithelial cells from 3- to 5-month-old BALB/ 
cCrgl mice were dissociated in collagenase, washed, counted, and cultivated in 
Waymouth~s medium with calf serum and hormones as described elsewhere (29). 
The cells were seeded in plastic 35-ram petri dishes or multiwell plates (well 
diameter 16 ram), either directly on the plastic or on a layer of hydrated collagen 
gel, at densities of 5-8 x  10  ~ cells/cm  z on plastic and 1-5 ×  105 cells/era  2 on 
collagen. (Because cell clumps were present and stromal ceils were not entirety 
eliminated,  epithelial  ceil  counts  are  only  approximate).  Under  the  culture 
conditions used, ceil proliferation was negligible. 
Stock solution of collagen was prepared by dissolving 1 g rat-tail tendons in 
250 ml 0.1% acetic acid. Neutralizing solution was 2  parts  10x  concentrated 
Waymouth's medium (without bicarbonate) and 1 part 0.34 N  NaOH. 1.5 parts 
cold neutralizing solution was mixed with 7 parts cold collagen solution and the 
mixture dispensed quickly, 1.25 ml/35-mm petri dish or 0.3 ml/16-mm well. 
Cultures were incubated in a humid environment at 37°C and fed every 2 d. 
The epithelial pavement was usually confluent by day 4, and most experiments 
were done at day 5-7 of culture. 1-2 b before the beginning of treatment in many 
experiments, some of the collagen gels were released from attachment to the 
plastic dish by loosening the edges with a  glass rod and shaking gently. The 
floating gel and monolayer together then contracted to ~% the original diameter 
by the time treatment started. 
Calcium  Chelation:  Culture medium was replaced with the appro- 
priate EGTA solution at 37°C (2 ml/35 nun dish and 0.5 ml/microwell); after 1- 
2 rain this was replaced with fresh EGTA solution, and during long incubations 
of collagen gel cultures the solution was replaced once or twice more. Cultures 
during treatment were returned to  the  37°C  incubator or placed on a  37°C 
warming plate except during observation with a phase-contrast inverted micro- 
scope. Solutions used for cultures on collagen ranged from 0.1-1.5 mM EGTA 
and for those on plastic from 0.6 #M to 1.0 mM; optimal concentrations for slow 
junction disassembly were 1 mM on collagen and 0.6/tM on plastic, and these 
were employed in most experiments. 
EGTA was dissolved in Ca2+-Mg2+-free Krebs-Ringer bicarbonate buffer or 
Ca2+-Mg2+-free HEPES-polyvinylpyrrolidone buffer (30) at pH 7.2-8.5. Since 
increasing alkalinity of the bicarbonate buffer during periods out of the incubator 
increased the rate of  junction disassembly, all later experiments were done with 
614  THE  JOURNAL OF  CELL BIOLOGY - VOLUME 96, 1983 
HEPES buffer at pH 7.4 or, for some cultures on collagen, pH 8.0. Mg  ~* (0.8 
mM MgSO4.7 H20) was routinely included in the buffer for later experiments, 
since its exclusion did not detectably affect disassembly. 
In some experiments, sodium citrate at  1 mg/ml (on plastic), and 10 or 100 
mg/ml (on collagen) in the same HEPES buffer was used as the chelator. 
For each set of experimental conditions, some treated cultures were washed 
and incubated in culture medium overnight to test recovery. 
Preparation  for Microscopy:  Cultures on plastic or on attached 
collagen gels were fixed in their dishes; floating gels were transferred to vials of 
the  same  fixative,  1% paraformaldehyde and 3% glutaraldehyde in  0.075  M 
sodium cacodylate at room temperature. Subsequent preparation for scanning 
microscopy and for freeze-fracture and thin-section transmission electron mi- 
croscopy are described elsewhere (29).  1-/am sections of Epon-embedded speci- 
mens were stained with Mallory's methylene blue-Azure II (31) for light micros- 
copy. 
RESULTS 
Significance  of Variations in 
Experimental  Conditions 
The variety of conditions described in the preceding section 
and summarized in Table I was employed for two purposes: to 
induce gradual, reversible disassembly of tight junctions, per- 
mitting  identification  of steps  in the process,  and to provide 
optimal  specimens  for  light-microscope  observation  during 
treatment  and for thin-section,  freeze-fracture,  and scanning 
electron microscopy of treated cultures. 
Withdrawal  of extracellular  calcium  induced  a  centripetal 
cytoplasmic contraction in a large proportion of cells, accom- 
panied and followed by extraordinary activity of membranes 
in and around the occluding  zone. The  interactions  of these 
two processes resulted in a series of changes in cell topography 
and  tight-junction  organization  that  were  similar  in  nature 
under all of the conditions listed in Table I. The times required 
for initiation and completion of the series at a given concentra- 
tion of chelator varied within wide limits, however. 
An  important  experimental  variable  affecting  this  timing 
was the substrate. Our collagen is not highly purified and the 
gel probably contains other complex molecules, in addition to 
collagen  itself,  that  are  capable  of  binding  Ca  2+  (32,  33); 
moreover, its fluid phase consists  of Ca2+-containing  culture 
medium.  Hence,  to  obtain  comparable  effects,  much higher 
TABLE  J 
Variations in Experimental Conditions Tested 
Substrate 
Cell seeding density 
Buffer 
Chelating agent, con- 
centration 
pH 
Tern peratu re 
Plastic petri dish or multiwell  plate 
Attached  collagen gel 
Floating collagen gel 
On  plastic: 3-8 (5*)  x  105 cells/cm 2 
On collagen: 1-5 (2*)  x  10  s cells/cm 2 
Krebs-Ringer bicarbonate, Ca2+-Mg  2+- 
free 
H EPES-polyvinylpyrrolidone,  Ca  2+- 
Mg  2÷-free 
H EPES-polyvinylpyrrolidone,  Ca2+-free* 
EGTA  (plastic): 0.6 #M*-I.0  mM 
EGTA  (collagen): 0.5-1.25  mM  (1.0 
mM*) 
Sodium  citrate (plastic):  1 mg/ml* 
Sodium citrate (collagen):  10"-100 rag/ 
ml 
7.2-8.5  (7.4*) 
22-37°C~ 
* Indicates quantity or condition selected for routine use for slow disassembly 
of junctions, 
Average temperature was lower than 37°C because cultures were periodi- 
cally monitored on an unheated microscope stage. FIGURE  1  EGTA-treated culture on attached gel, illustrating progression of the wave of cellular response from the periphery of the 
gel (out of field at left) toward the right. Many cells at right and center are not visibly affected; they are flattened, polygonal, and 
covered with  microvilli, and rows of crowded microvilli outline their borders. Other cells show conspicuous clearing of microvilli 
from cell borders; earliest indications of clearing at three-cell corners are marked by arrows. Left of center, many cells are gently 
rounded and some show strong contraction, with microvilli crowded on the apical bulge. Gaps in continuity of membrane contact 
between cells have appeared in several places, and ruffling of freed membranes is evident. 0.75 mM EGTA, 3 h. Bar, 20gm. x  1,500. 
concentrations of chelating agents were required  for cultures 
on  gel  than  those  on  plastic.  On  attached  gel,  where  the 
epithelial  pavement constitutes  a  permeability barrier to dif- 
fusion  of the  chelator into the  gel,  cellular  response  always 
began at  the  periphery  of the gel,  or around  any chance or 
deliberately created discontinuities in the cell sheet, and spread 
slowly from these  sites  (Fig.  1).  A  similar  but  always faster 
progression of effects from the periphery or from gaps in the 
epithelial  layer was observed in cultures on plastic.  Cells on 
floating gels showed less variation in reaction time than those 
on attached gels,  but were not synchronous. 
Within the ranges indicated in Table I, higher concentrations 
of chelating  agents,  higher temperatures,  and  higher pH  all 
tended  to hasten  response  in any given experiment,  without 
appreciably altering  its course.  Since the gamut from appar- 
ently unaffected cells to almost complete cell separation could 
be observed within single cultures (Fig. 1), it is not possible to 
stipulate average response times for any treatment.  For these 
reasons, it will be evident that data on chelator concentration 
and exposure time, reported in figure legends, are not consis- 
tently  related  to  extent  of cellular  response.  The  essentially 
similar course of  events in this response under all the conditions 
employed, however, suggests that we are observing a pattern of 
basic cellular mechanisms. 
Morphology  of Control Cultures 
As described elsewhere (21,  29, 34),  prelactating mammary 
cells on either plastic or collagen substrates form typical epi- 
thelial  pavements of polygonal ceils bearing apical microvilli 
and joined by occluding junctions. Cells on plastic flatten and 
spread  broadly  and,  whatever  their  density  at  confluence, 
overlap extensively; where a peripheral lamella of  one flattened 
cell overlaps another, the occluding junction membranes lie in 
approximately the same plane as the overlapped cell's apical 
surface (Fig. 2). Cell spreading on collagen is less extreme, and 
peripheral  overlap is less extensive; occluding junction mem- 
branes usually are gently curving or approximately perpendic- 
ular to the apical surface (Figs. 3 and 4),  rarely parallel to it. 
Lateral  membranes  below  the  apical junctions  are  variably 
contorted. 
Intramembrane strands of mammary occluding junctions in 
culture typically are undulatory, like those of the gland in situ 
(9), and continuous strands are likely to be roughly parallel to 
the single strand that forms the junction's apical border (Fig. 
2). 
Morphological  Events in Ca 2  + -dependent 
Junction Disassembly 
CLEARING  OF  PERIPHERAL MICROVILLI AND  CYTO- 
PLASMIC CONTRACTION:  An early effect of Ca  2+ chelation 
observed by scanning microscopy is the clearing of microvilli 
from  one  or  both  sides  of a  border  between  cells,  usually 
beginning at the corners where three cells meet (Fig.  1). The 
onset of microvillar clearing is soon followed by visible con- 
traction of cell bodies (Figs.  1 and 5), eventually producing a 
rounded central hump covered by abnormally crowded micro- 
villi.  As is evident in Fig.  1, variability in rate and extent of 
response by neighboring cells,  or by sectors of one cell's cir- 
cumference, prevails throughout the course of junction disas- 
sembly. 
The continuity of contact between cells in treated cultures 
initially is maintained, while their borderlines become minutely 
and irregularly contorted (Fig. 6). That this distortion is three- 
PIT[LKA ET AL.  Extracellular  Ca  2+ and Tight/unction  Membranes  615 FIGURES 2-4  FIGURE  2 Freeze-fracture replica of a typical occluding 
junction in cell culture. In this control monolayer on plastic, lateral 
(L),  junctional,  and  apical  (A,  with  fractured  bases  of  microvilli) 
membranes lie in the same plane, indicating overlap. Most of the 
junction  is seen as a network of furrows on the exoplasmic face of 
the overlapping cell's membrane. At the apical border strand (arrow- 
heads) of the junction belt, and in several spots within the junction, 
the fracture plane shifts to the protoplasmic face of the under[ying 
cell's membrane. The course of the apical border strand is relatively 
straight,  except for  one abrupt  curve onto  the  apical  membrane, 
approximately paralleled by the next subapical strand.  Bar, 0.5 p.m. 
X 45,000.  FIGURES  3 and 4 Vertically sectioned apical junction zones 
in  control  cells  on  collagen gels. Approximate limits of occluding 
junctions are indicated by arrowheads; below them in both figures 
are shallow adhaerens junctions.  Fig. 3 is an example of peripheral 
overlap, with a shallow, curving, junction zone. Bar, 0.5 #,m. x  30,000. 
In  Fig. 4, a vertical junction complex is followed by interdigitating 
processes,  representative of  the  variable  contours  of  laterobasal 
membranes in culture. Bar, 0.5/sin. X 40,000. 
dimensional, affecting  junctional membranes below their apical 
borders,  is often evident  in thin sections (Fig. 7).  We report 
elsewhere  (29) that extraordinary centripetal tension, created 
by EGTA-induced contraction or by the extreme spreading of 
untreated cells in low-density monolayers on plastic, may lead 
to exaggerated sinuosity of  the continuous apical border strand 
of  the occluding  junction, which defines the borderline between 
the two cells.  In areas of peripheral overlap, tension may lead 
further to an alignment of subapical strands roughly perpen- 
dicular to the overall direction of the border and presumably 
parallel to the axis of tension (Fig. 8 and reference 29).  This 
alignment  represents  an  equilibrium  condition  in  untreated 
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cultures,  but  progressive  changes  ensue  in  the  presence  of 
calcium chelators. 
DESTABILIZATION OF  OCCLUDING  JUNCTIONS  AND 
PERIPHERAL MEMBRANE ACTIVITY:  Whereas  the  align- 
ment of junction strands induced by sustained tension alone 
usually does not entail significant interruption in continuity of 
the  apical  border  strand,  such  discontinuities  do  appear  in 
EGTA- and citrate-treated cultures. In Fig. 9, the membranes 
in an area of overlap  are  relatively flat,  microvillar clearing 
has begun, and strand realignment is pronounced. In addition 
to realignment within  the  original junction  zone, two single 
strands and a  multistrand cluster extend from its apical edge 
into the apical membrane, terminating at the bases of  microvilli 
or other surface processes. The apical edge of the junction is 
angular and deeply dissected,  no longer def'med by a  single, 
undulating border strand. 
Further distortions of  junction organization become evident 
as clearing of microvilli proceeds. Both sides of the borderline 
between two cells shown in Fig.  10 are cleared for a distance 
of a  micrometer or more.  Single or narrowly looped strands 
from the junction are drawn out in the apical membranes of 
both cells, ending without association with surface protrusions. 
An alternate arrangement sometimes is seen where parallel 
cell membranes are flat over a relatively large area. In Fig. 11, 
junction elements  are distributed  in parallel  rows of discon- 
nected single or clustered strands. Their alignment suggests the 
combined influences of tension and destabilization  in an ex- 
ceptionally broad zone of  peripheral overlap, and their number 
and aggregate length suggest that they may represent a  large 
proportion  of strands  from  a  nearby junction.  Unlike  the 
instances  in  Figs.  9  and  10,  many small  macular junctions, 
unconnected with any junction belt, have formed. 
These altered strand configurations were seen m areas where 
the joined membranes remained relatively flat and the paired 
membranes of each junction were maintained in good contact; 
in section, cells in such areas probably would resemble those 
in the left half of Fig. 5 b. Scanning micrographs reveal that 
the peripheral membranes soon develop ridges or ruffles, and 
gaps begin to appear in the continuity of cell contact (Figs.  1, 
FIGURE  5  Photomicrographs of 1-/ira sections of celts on attached 
gels, illustrating shape change during EGTA treatment. (a) Untreated 
control monolayer of low cuboidal cells.  (b)  1 mM  EGTA,  54 rain. 
(c)  1 mM EGTA,  75 rain. x  560. FIGURES 6-8  FIGURE  6 Replica of intact, convoluted borderline be- 
tween ceils on  plastic.  Fractured  bases of  microvilli  appear at  the 
border of the cell in upper left but are absent from the cell at lower 
right, suggesting that clearing of microvilli from  the latter's border 
had begun. The tips of two overlapping fingers from the lower cell 
are fractured  away, revealing convolution of the junction's  apical 
border strand. 0.6 p.M  EGTA, 6 min.  Bar, 0.5 p.m, X 35,000. FIGURE 7 
Section cut perpendicular to the plane of a monolayer on collagen 
gel. Apical and  basal  limits of occluding junction  profile are indi- 
cated by arrowheads. Although  border microvilli of both cells are 
still in place, junctional membranes are contorted. 0.5 mM EGTA, 10 
min.  Bar, 0.2 p.m. x  90,000. FIGURE 8 Occluding junction  in area of 
overlap in culture on plastic. Sinuosity of apical border strand and 
perpendicular orientation of subapica[ strands (seen  here as E-face 
furrows)  are  similar  to  those  in  untreated  low-density  cultures. 
12).  Numerous  filopodial processes develop,  extending  from 
the  edge  of one  cell  toward  the  microvillar  island  on  the 
neighboring cell or from one microvillar island  to the other. 
Processes  from  each  cell  initially  he  on  the  surface  of its 
neighbors' peripheral  membrane and,  in at least some cases, 
are attached to it by tight junctions consisting of one or a few 
long strands  (Fig.  13). These  observations  indicate  that  the 
strands extending from the junction belt into the apical surface 
membranes in Figs. 9 and  10 also were sites  of attachment of 
recumbent  filopodial  extensions  from  the  companion  cell. 
Where the origin of a  filopodium and its termination on the 
partner cell's surface are not obscured by microviUi or other 
structures,  it often appears  in scanning micrographs that the 
distal end of the process is embedded in an indentation of the 
surface membrane (Fig. 14). 
The extent  of membrane activity often observed as events 
proceed  is  strikingly  demonstrated  in  scanning  micrographs 
(Fig.  15) and in thin sections cut perpendicular to the culture 
plane  (Fig.  16). Between  contracted  ceils  are  multilayered, 
interdigitating  or extravagantly contorted,  lamellar  and  filo- 
podial processes.  Most  of these  originate  in a  band  1-4/~m 
wide, which circumscribes the base of  the apical bulge and may 
involve  more  than  just  the  area  formerly  occupied  by  the 
zonula occludens. 
Occasional cells in any treated culture remain in close lateral 
contact during EGTA-induced contraction, displaying neither 
unusual  membrane  contortions  nor  evidence  of tension.  In 
some of these, destabilization of  junction organization is none- 
theless indicated by atypical strand arrays. In some instances, 
junction  continuity  is  disrupted  by  apparently  random  dis- 
placement of strands.  In others, a  continuous apical junction 
belt of variable depth persists,  but additional strands extend in 
unpatterned  arrays  far  down  the  lateral  cell  membranes,  a 
phenomenon reported  for other  cell types and experimental 
conditions (35). 
MEMBRANE  RETRACTION  AND  ENDOCYTOSIS  OF 
TIGHT-/UNCTION  FRAGMENTS:  Figs.  1,  12,  and  14-15 
show that gaps in the continuity of  occluding  junctions increase 
in  number  and  size with  continued  absence  of extraceUular 
Ca  2+, and that the initially short spans of  peripheral membranes 
thus freed from attachment to neighboring cells usually become 
convoluted.  In  time,  most  of the  freed  membranes  retract 
toward  the  cell  body,  leaving  behind  elongated  lamellar  or 
filopodial processes still  attached  by isolated  tight junctions. 
Eventually, the majority of cells retain direct contact with their 
neighbors only through such processes (Fig. 17). Fig. 5 c illus- 
trates the profile of a monolayer at or near this stage. 
Contorted  membrane  topography prohibits  freeze-fracture 
analysis  of junction  fragmentation  and  disassembly  during 
these  events.  However,  the  distal  attachment  of a  slender 
process by a  tight junction,  usually in an indentation  of the 
partner cell's surface, is often identifiable in thin sections. Figs. 
18-20 illustrate a range of structures very frequently observed. 
Fig. 18 shows the insertion of an intact filo- or lamellipodium. 
In Figs.  19 and 20,  small,  membrane-limited structures lie in 
surface depressions to which they are attached by tight junc- 
tions.  These  could be either the ends of intact processes not 
otherwise  included  in  the  plane  of section  or  blebs  left  by 
rupture of  a process proximal to its insertion on the neighboring 
cell.  Figs.  21  and 22 may represent  stages in endocytosis of 
Fractured  bases of  microvilli  on  adjacent apical  membrane show 
that clearing had not begun. 0.6 p.M EGTA, 3 min. Bar, I p.m. x  24,000. 
PITELKA  fT  AL.  ExtracellularCa 2+  and Tight Junction Membranes  617 FIGURES 9-11  FIGURE  9 Occluding junction in area of overlap in culture on plastic. The P face of the apical surface membrane of 
the overlapped cell is seen at right, with fractured  microvillar bases (two or more microvilli often arise from a common elongate 
base). Virtually all strands are roughly perpendicular to the overall course of the junction belt; the original apical border strand is 
not identifiable except for a short distance at the bottom of the field (arrowheads). Arrows point to strands that extend from the 
junction across a microvillus-free apical area to terminate at the bases of microvilli. 1 mg/ml sodium citrate, 15 rain. Bar, 0.5 p.m. 
x  30,000. FIGURE 10 Replica of a sinuous borderline (arrowheads) between two cells, and microvillus-free  peripheral membranes 
on  either  side.  Subapical  membranes  of  the  junction  belt  have  been  fractured  away,  leaving  parts  of  its  apical  borderline 
represented by intact segments of a curving, sharp ridge. Elongate tight-junction grooves extending from the borderline show that 
slender fingers from each cell's border overlapped the peripheral membranes of the other. Culture on  plastic, 1 mg/ml sodium 
citrate,  15  min.  Bar, 0.5 ~m.  x  30,000.  a and  b  are sketches of  membranes at  lines  a  and  b  as they would  appear in  section 
perpendicular to the page. Solid lines represent the exoplasmic leaflets visible in the replica. Dotted lines represent projections of 
adjacent membrane elements lying behind or in front of the replica. FIGURE 11  Part of a large (about 75/.tm 2)  membrane fracture 
face containing an array of discontinuous parallel rows of aligned tight-junction strands.  Culture on plastic, 0.1 mM EGTA, 14 min. 
Bar, 1/xm. X 15,000. 
tight junction patches with remnants of the attached process, 
as reported in other tissues (36-40). 
Cultures on plastic and on floating collagen gel at or near 
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the endpoint of changes in topography induced by Ca  2+ che- 
lation are compared in Figs. 23 and 24. In Fig. 24, most cells, 
originally broadly  spread,  are  moderately  to  strongly  con- tracted and are connected to each other and to the substrate by 
long, taut  fdopodia or lamellar  extensions.  Epithelial  mono- 
layers on floating gels are initially less broadly spread, and also 
have spontaneously contracted to some extent before the che- 
lator is added. Although the cytoplasmic contraction induced 
by calcium  chelation  could  in  theory be  accommodated by 
further contraction of the cells and gel without disruption  of 
intercellular junctions, this does not happen (Fig. 24).  Strong 
apical contraction takes place, and peripheral membranes be- 
come  as  contorted  as  they  do  on  attached  gel  (Fig.  17)  or 
plastic; the cells on floating gels are closer together, however, 
and fdopodia at the endpoint tend to be fewer and shorter. 
In the absence of mechanical agitation, this state may persist 
through  the  longest  treatment  periods  used  in  our  experi- 
ments-up  to 3  h. However, mild mechanical stress,  such as 
swirling  of the  bathing  solution  incidental  to  handling  of 
culture  vessels,  and  probably the  surface movements  of the 
cells themselves, can result in rupture of intercellular filopodia, 
leaving disembodied distal ends to be disposed of by endocy- 
tosis.  Rupture  or withdrawal  of substrate  attachments  often 
follows in cultures on plastic, yielding a suspension of single or 
clustered cells.  Cells on collagen usually remain attached to it 
throughout treatment  and will reestablish  a  confluent mono- 
layer if washed and allowed to recover in culture medium. A 
FIGURES 12-14  FIGURE  12 Peripheral membrane activity after clear- 
ing of microvilli  in a culture on collagen. Continuity of membrane 
contact at borderlines between cells is repeatedly interrupted, and 
freed membranes often are ruffled. Many filopodia extend from the 
periphery of each cell to the microvillus thicket of its neighbor; most 
are recumbent on the neighbor's membrane, but some clearly are 
free.  1.0  mM  EGTA,  40  rain.  Bar,  1 p.m.  x  7,500.  FIGUR[ 13  Tight- 
junction attachment of filopodia to peripheral membrane of another 
cell. The exoplasmic leaflet of the membrane occupies most of the 
figure and  is traversed from  middle left to upper right by a pair of 
junction  furrows.  At  upper  right,  the  fracture  plane  leaves  the 
membrane,  passing obliquely through  the  recumbent  filopodium 
(upper  arrowhead)  that  was  attached  by  this  junction.  At  lower 
right  are  two  additional,  cross-fractured  fi[opodia  (lower  arrow- 
heads); furrows of their tight junctions are just visible in a membrane 
valley extending toward lower center. 0.6 ~.M EGTA,  1.5 h. Bar, 0.25 
#m.  x  45,000.  FIGURE 14  Filopodia  lying  on  distorted  peripheral 
membranes in culture on gel. Origins  (arrows) of several filopodia 
from  membrane borders are visible; their distal ends are obscured 
by microvilli  or other filopodia, except for one that  inserts  in the 
companion cell's surface (arrowhead). 1 mM EGTA, 40 rain. Bar, 0.5 
/~m. X 26,000. 
companion to the culture in Fig. 24, exposed to 1 mM EGTA 
at pH  8  for 2.5  h,  had  recovered after  4  h  to the  condition 
shown in Fig.  25; by 24 h  of recovery, another sister culture 
was indistinguishable from untreated controls. 
DISCUSSION 
We have employed three different ultrastructural techniques to 
observe changes in cell topography, intercellular relationships, 
and occluding junction morphology induced in cultured epi- 
thelial monolayers by chelation of extracellular calcium. The 
accumulated evidence permits us to attempt a  reconstruction 
of the  probable  sequence  of and  interactions  among events 
described by these methods. 
Junction Disassembly 
The initiating  event appears to be the Ca2+-dependent de- 
velopment or enhancement of centripetal contractile tension in 
the cytoskeleton, with immediate effects on peripheral  mem- 
branes  preceding visible  rounding of the  apical cell surface. 
Distortion  of junction  membranes  is  evident  as exaggerated 
sinuosity  of apical  borderlines  between  cells,  and  often  as 
convolution of the subapical profiles of joined membranes in 
vertical  section.  Where the junction  between  a  flattened cell 
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to opposing tensions in the two cells,  a  frequent effect is the 
alignment  of subapical strands  roughly perpendicular  to the 
axis of the junction and parallel to the prevailing axis of stress. 
We suggest that such axes are created in the cortical cytoskeletal 
meshwork, which in turn is linked by unknown connectors to 
the junction's intramembrane strands (29). 
While these changes in junctional membranes are going on, 
clearing of microvilli from the  cell borders  begins.  Clearing 
could  result  from reabsorption  of microviUi into  the  apical 
membrane or from centripetal migration in a fluid membrane. 
Short, stubby microvilfi, which might be stages in growth or 
resorption,  usually  are  evident  in  scanning  micrographs  of 
partially  cleared  borders,  but  they are  also common in un- 
treated control cells.  Evidence of centripetal migration is pro- 
vided by the extraordinarily high density of microvilli on the 
apical hump at maximum contraction and by the presence of 
tight-junction  strands  extending  from  the  apical  edge  of a 
junction across the cleared apical membrane to the bases of 
microvilli. The latter phenomenon suggests that the microfda- 
ment core of a border microvillus and the cytoskeletal linkage 
to a contiguous junction strand (necessarily the apical strand, 
perhaps  with  one or more connecting subapical  ones)  have 
been entrained  together in the centripetal  contraction.  Since 
each strand being displaced is physically paired with its twin 
in  the  partner  cell's  membrane,  that  membrane  is  dragged 
along in the form of an overlying t'dopodial extension. In this 
way, the borders of both cells  may be drawn out as interdigi- 
taring, overlapping processes. 
Microvillar  clearing  was  not  observed  in  cells  subject  to 
mechanical  tension  only  (29).  It  follows  that  chelation  of 
external  Ca  2+  is  responsible  for  the  increased  mobility  of 
intramembrane and membrane-linked structures (41, 42). This 
may in time result in loss of continuity of the apical strand of 
the occluding junction, on which the other strands are inserted, 
and create strand-free pathways across the junction belt. De- 
stabilization of  junction configuration in the absence of extra- 
cellular  Ca  ~+  is  further  manifest  in  the  apparently  random 
disarray  of strands  in  some  areas  displaying  no  effects  of 
tension. 
Gaps in continuity of the junction belt allow the disjoined 
membranes to separate  locally. The ensuing ruffling and re- 
traction of freed membranes would be expected to create new, 
local tensions resulting in further fragmentation and migration 
of occluding junctions and freeing of more peripheral  mem- 
brane.  Eventually, most of the once-continuous belts are re- 
duced  to  patches  attaching  fdopodial  or  lamellar  processes 
distally to the neighboring cell's surface. 
Many of these  patches  are  removed by endocytosis soon 
after they are formed. We do not know whether endocytosis 
occurs only after rupture of the connecting cytoplasmic exten- 
sion, or may sometimes be a  kind of gentle cannibalism, one 
FIGURES 15-17  FIGURE  15 Peripheral membrane ruffling and retrac- 
tion in culture on gel. Membrane borders have withdrawn, leaving 
unsupported  long  filopodia crossing  the  intercellular  space.  The 
view is downward into the space between three cells; it is evident 
that lamellar membranes and filopodia are present at various levels 
below the original apical surface.  0.75 mM EGTA, 35 min. Bar, 2 ~m. 
x  8,000.  FIGURE 16  Peripheral membranes of two cells on  gel, sec- 
tioned perpendicular to culture plane, at a stage like that illustrated 
in Fig. 15. The elaborately interdigitating processes  include slender 
filopodia and  lamellipodia of  unknown  width,  often  branched or 
perforated. The thinner processes are the diameter of a microvillus 
or less. 1 mM  EGTA, 60 rain.  Bar, 0.5/Lm.  x  19,000. FIGURE 17 Most 
of the cells in this field from a culture on gel are contracted and are 
directly connected to neighbors by fine filopodia. Their remaining 
peripheral membranes show frequent ruffling. 1 mM EGTA, 53 rain. 
Bar, 2/~m.  X 4,000. 
620  THE  JOURNAL  OF  CELL BIOLOGY  .  VOLUME  98, 1983 FIGURES 18-22  FIGURE  18 A blunt extension from the surface of the cell at left contains a U-shaped depression, within which the 
tip of a slender process  (which was traced beyond this field to its origin from a neighboring cell) is attached by a tight junction. 
Arrowheads indicate identifiable points of fusion of membrane outer leaflets. 1 mM  EGTA, 60 min. Bar, 0.1 /xm. x  100,000. FIGURE 
19 A flat process or cellular fragment is attached to a shallow depression in a cell surface.  Arrowheads indicate apparent tight- 
junction fusions. Two slightly offset submembrane densities (arrows) resemble a distorted small desmosome, suggesting that these 
joined membranes are a remnant of the original junctional complex. 1 mM  EGTA at pH 8, 20 min.  Bar, 0.1 #m.  x  120,000. FIGURE 
20 Tips of two processes  insert in a cell surface.  Membrane fusions are indicated by arrowheads. Submembrane densities (arrows) 
in the right-hand structure again suggest persistence of desmosome elements adjacent to a tight-junction  patch. 1 mM  EGTA at 
pH 8, 20 min. Bar, 0.1/xm. x  120,000. FIGURE 21  Possible stage in endocytosis of tight-junction  remnant. The vesicle is near the cell 
surface  and  could  still  have been  in  continuity  with  a  persisting cytoplasmic  process.  However,  loss of  most  of  the enclosed 
cytoplasm suggests  rupture of  nearby membrane.  Plasmalemma of  the visible fragment  is intact and clearly attached by tight- 
junction fusions to the vesicle membrane of the host cell. 1 mM  EGTA at pH 8, 20 min.  Bar, 0.1 #m. x  120,000. FIGURE 22 Replica 
of paranuclear cytoplasm in a cell on collagen. Long arrow at right points to a large endocytic vesicle; the P-face junction strands 
are those in the membrane of the enclosed fragment. Arrow heads point to slender, elongate endocytic vesicles displaying tight- 
junction strands in the vesicle membrane. 1 mM EGTA, 52 min. Bar, 0.5 p,m. X 24,000. 
cell pinching off the tip of its neighbor's intact extension by 
closure of a vacuole around it. The latter may be facilitated by 
the  typical distal insertion of fdopodia in depressions of the 
cell surface. 
Because most mammary cells on collagen retain their attach- 
ment to it in the presence of Ca  2+ chelators, a large proportion 
of tight-junction patches in our cultures remain intact and in 
place  as  long  as  connecting  filopodia are  not  mechanically 
ruptured. 
Another  putative  mechanism  for  opening  of junctions  is 
lateral dispersion of constituent intramembrane particles, ac- 
companied by disruption of whatever bonds hold the paired 
elements in  the  two  membranes  together.  We  have  seen  no 
evidence of this process, which  is suggested for tight or gap 
junctions in some other cells (3, 39, 43, 44); by its nature it is 
difficult either to prove conclusively or to disprove. 
The essence of our observation is that the fragmentation of 
occluding junctions  induced  in  mammary  epithelial mono- 
layers by  withdrawal  of extracellular Ca  2÷  results  from  in- 
creased cytoskeletal activity combined with enhanced mobility 
of intramembrane  elements  of the junction.  Cell separation 
requires mechanical disturbance in addition. 
Calcium  Chelation  and  Cell Contraction 
The contractile response of mammary cells to extracellular 
Ca  2+ chelation is very like that described by Britch and Allen 
(45) in a  normal rat liver (NRL) cell line treated with 21  mM 
EGTA. In their whole-cell transmission electron micrographs, 
a peripheral ring of microfilaments was evident, the contraction 
of which herded cytoplasmic organdies toward the bulging cell 
center.  Thin  peripheral  lamellae  remained  attached  to  the 
substrate, but became f'Lrnbriated  and ultimately converted to 
long, branching retraction fibers radiating from  the rounded 
cell body. Similar contractile response to Ca  2÷ or Ca2÷-Mg  2÷ 
withdrawal, without loss of substrate attachment,  is reported 
for other cell types, including 3T3 fibroblasts (46), lens epithe- 
lium (47), and ovarian granulosa cells (48). Cytoskeletal retrac- 
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treated canine kidney cell (MDCK) monolayers by immune- 
fluorescent labelling of either actin or tubulin.  The effects of 
withdrawal of extracellular Ca  2+ on intracellular Ca  2+ levels in 
these  cases is  unknown,  and the mechanism of induction of 
cytoplasmic contraction is unexplained. 
Calcium and Occluding Junction Stability 
Sedar and Forte (18) showed in 1964 that treatment of frog 
stomach with 1-4 mM EDTA (ethylenediaminetetraacetic acid, 
which chelates both Ca  2+ and Mg2+), in addition to increasing 
transepithelial  permeability,  caused  separation  of adhaerens 
junctions  and  distortion  or  blistering  of occluding junction 
membranes. More recently, protocols developed for high-yield 
FIGURE 23  Culture on  plastic.  Most cells are  rounded or  bluntly 
stellate and am interconnected  by filopodia, some of which  were 
broken during processing for  microscopy. Attachment to the sub- 
strate by slender or lamellar extensions is maintained in most areas. 
0.5 mM EGTA, pH 8.4, 6 rain. Bar, 5 #m. X 1,600. 
dissociation of epithelial tissues typically have included expo- 
sure  to Ca2+-free  solutions,  with or without a  chelator,  with 
collagenase or as a separate step after protease treatment, and 
accompanied or followed by mechanical agitation (e.g.,  refer- 
ences  50,  51).  Berry  and  Friend  (50)  first  identified  tight- 
junction patches attaching membrane blebs to the surfaces of 
dissociated cells and concluded that, after opening of  adhaerens 
junctions by chemical treatment, tight (and gap)junctions were 
mechanically torn out of the membrane of one of the joined 
ceils.  Such blebs have since been seen in recently dissociated 
cells  by  others  (39,  51,  52).  Reduction  of junction  belts  to 
patches  as  an  effect  of Ca  ~+  withdrawal  results  in  smaller 
membrane  wounds  during  tearing,  probably improving  cell 
viability. 
In the most extensive previous studies of effects of EGTA at 
relatively  low  concentrations  on  the  structure  of occluding 
junctions (19,  53),  guinea pig pancreatic lobules, without en- 
zyme treatment  to remove stromal support  and extracellular 
adhesive factors, were incubated in 0.5 mM EGTA with gentle 
oscillation for up to 2 h. Abluminal junction strands were the 
first affected, migrating basally and becoming fragmented; one 
or more apical strands remained stable for at least 40 rain and 
then also became disarranged and fragmented. The fragments 
and  disarrayed  strands  were  effective  mechanical junctions, 
maintaining the cohesion of cells in lobules, and, upon resto- 
ration to medium containing Ca  ~+, continuous zonulae occlu- 
dentes were reassembled in 5-30 rain. In their native connec- 
tive-tissue stroma and three-dimensional tissue configuration, 
these  cells  apparently  did  not  change  shape  conspicuously 
during EGTA treatment,  and the micrographs revealed none 
of the tension effects on junction alignment or cell topography 
that we have observed in cultured mammary cells.  Migration 
of  junction strands may have been influenced by local tensions, 
but continuing oscillation did not prevent recovery after res- 
toration of Ca  ~+. 
Ca  2+ dependence of occluding junctions for both structure 
and function has been demonstrated in other systems. Marti- 
nez-Palomo  et  al.  (27)  recently  showed  that  other  divalent 
FIGURES 24 and 25  FIGURE  24 Culture on floating gel. Response of cells is more consistent on floating gels than on other substrates; 
all in this field show strong apical contraction with very densely crowded microvilli on the apical bulge. Filopodia are present in 
modest numbers but are relatively slack and inconspicuous. Peripheral membranes are ruffled  but incompletely retracted. 1 mM 
EGTA at pH 8, 2.5  h.  Bar, 5/~m.  x  2,400.  FIGURE 25  Floating gel culture, sister to that in  Fig. 24 seeded at the same density and 
including  the  same  number of  cells  in  the field  shown.  After  the  same 2.5-h  EGTA  treatment,  this  culture  was  washed  and 
incubated  in  culture  medium  for 4  h  before being fixed for  microscopy.  Many cells are still  rounded,  but  more are partly or 
completely spread, with  few  visible gaps  between  cell  borders.  Microvilli  are almost  uniformly  distributed  on  flattened  and 
moderately rounded cells, but border hedgerows have not reappeared. Bar, 5/~m.  x  2,400. 
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epithelial  electrical resistance  in cultured MDCK cell mono- 
layers mounted in Ussing-type chambers.  2.4 mM EGTA in 
Ca2+-free medium caused a sharp drop in resistance to -30% 
of the initial  value within  10-15  rain,  followed by a  slower 
decline. Zonulae occludentes remained morphologically intact 
during  this  drop; strand  patterns  were not altered  beyond a 
small decrease in average number of continuous strands. Ad- 
dition of the ionophore A23187 to medium containing Ca  2+ 
caused the same loss of resistance as extracellular Ca  2+ depri- 
vation, suggesting that the latter condition may evoke release 
of Ca  2+ from intracellular storage sites.  Such an effect might 
also be instrumental in cytoskeletal contraction (54). 
Effects of Other Agents 
Increase in permeability of occluding junctions by exposure 
to hypertonic solutions has been demonstrated repeatedly. 240 
mM urea applied  to isolated toad urinary bladder made the 
junctions leaky and caused extensive blistering where intercel- 
lular space in compartments bounded by strands of the network 
swelled (55,  56).  Similar effects were induced in other tissues 
by urea or various sugars or salts (57-59). Perfusion of mouse 
liver in situ with 0.5 mM disaccharides (60) caused plasmolysis 
and yielded examples of both gap and tight junctions that had 
split  symmetrically.  Freeze-fracture  replicas  showed  typical 
strand networks in cell membranes separated by extracellular 
space from their partners.  This is the only well documented 
instance of splitting,  and it probably is not a  mechanism for 
natural disassembly of  junctions. 
Proteases  (12,  38,  61)  can  induce proliferation  of strands, 
even in epithelial cells that previously had few or none. Phal- 
loidin (62,  63), plant cytokinins (17,  63),  and cAMP (63,  64) 
may induce increase in transepithelial resistance and abluminal 
extension of  junction strands. Many other, unrelated, agents or 
conditions have been shown to cause disorderly displacement 
or proliferation of abluminal strands (see references in refer- 
ence 35).  Kachar and  Pinto da Silva (35)  described massive 
neoformation of strands in lateral membranes of prostate tissue 
explants  after  5  rain  incubation  at  37°C  in  any  of several 
buffers or saline solutions. In view of  the wide variety of stimuli 
that elicit this response,  these  authors  concluded that it is  a 
general  reaction  to  nonspecific stressful  conditions.  We  can 
now add that it is indicated in many tension-aligned junctions 
in low-density mammary cell cultures (29)  and may occur in 
some EGTA-treated cells.  If nothing else, strand proliferation 
would  enhance  intercellular  cohesion.  The  reported  stimuli 
apparently have no other feature in common than that they 
are all departures from prevailing normal conditions, making 
it  appear  likely that  the  phenomenon occurs in  response  to 
natural mild traumata in vivo, and could have protective value. 
Cytoskeleton and Occluding Junctions 
The hypothesis that control of occluding junction structure 
and function is mediated by the cytoskeleton is based largely 
on voluminous data  demonstrating  linkage  of plasma mem- 
brane proteins to cortical actin-containing fdaments (65-69). 
Evidence of association of cytoskeletal elements with the zon- 
ula occludens comes from electron microscopy of thin sections 
of intestinal  brush  border (70).  Phalloidin,  which stimulates 
actin  polymerization,  induced  strand  proliferation  and  en- 
hanced transepithelial  resistance in Necturus gallbladder (62, 
63). Cytochalasin B at 0.1-0.6 #g/ml also increased resistance, 
but  higher concentrations reduced it  in  the gallbladder  (63) 
and in  MDCK monolayers (49);  20/~g/ml inhibited junction 
formation in a colon cell line (71), but a similar concentration 
did not affect maintenance, EGTA-induced fragmentation, or 
reassembly of occluding junctions in pancreatic lobules (53). 
High-resolution  immunoelectron  microscopy  was  used  by 
Geiger  (68)  to  examine  the  distribution  of vinculin  and  a- 
actinin, two of the proteins thought to be involved in linkage 
of actin  filaments  to plasma  membranes,  in intestinal  brush 
border.  In the  area  of the junctional  complex,  vinculin was 
confined  to the immediate  vicinity of the zonula  adhaerens 
membrane;  a-actinin  was  also  abundant  around  the  zonula 
adhaerens but somewhat farther from the membrane surface, 
and some label was present near the zonula occludens. 
In our experiments,  centripetal  contraction  occurred  in  a 
zone presumably corresponding to the zonula adhaerens. The 
effect on the zonnla occludens could have been mediated  by 
linkage  of contractile  filaments  to junction  strands  or  less 
directly by tensions in the cortical cytosketetal meshwork and 
a contiguous layer of membrane-associated proteins (72). Both 
thin-section electron microscopy and the observed activity of 
peripheral membranes indicate that cytoskeletal elements re- 
main associated with  these  membranes  throughout Ca2+-de- 
pendent junction  disassembly.  Further  study of the  identity 
and distribution of cytoskeletal components is in progress. 
CONCLUSIONS 
Much more is known about the electrophysiology of occluding 
junction permeability (10)  than about the structure that pro- 
vides the variable permeability barrier. It is evident that main- 
tenance  both  of electrical  resistance  and  of morphological 
integrity  of the  occluding junction  requires  an  (unknown) 
appropriate  level of Ca  2+ bound to or in the vicinity of the 
plasma membrane. The process of disassembly experimentally 
induced  by withdrawal  of extracellular  Ca  2÷  should  reflect 
some aspects of normal regulation. The available evidence now 
indicates that major factors are local cytoskeletal influence on 
strand position, variation in membrane viscosity, and mechan- 
ical stress. 
We suggest that mechanical forces normally encountered in 
vivo  can  be  important  in  the  stability  and  modulation  of 
occluding junction structure. In cell culture, tension alone can 
cause realignment of strands (29),  and when accompanied by 
decrease in membrane viscosity can reduce junction belts to 
widely separated fragments. In vivo, epithelial cell sheets are 
supported by fibrous stroma and typically fastened together by 
junctional  complexes wherein  zonulae  and  maculae  adhaer- 
entes help to protect the all-important zonula occludens from 
drastic  effects  of inherent  or  imposed  tension.  But  strand 
alignment may in at least some cases be determined by, as well 
as adapted to, normal mechanical stress.  This is an appealing 
possibility in the case of  junctions subjected to periodic stretch- 
ing (9, 73), which often display a pattern of undulating strands 
predominantly paralleling the apical border. In cases of abnor- 
mal stress, realignment of strands parallel to the axis of tension 
could reduce the probability of extensive tearing. 
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